Background: Previous studies on the association between one-carbon dietary factors and gastric cancer risk have been inconsistent.
Introduction
Globally, gastric cancer is the second most frequent cause of cancer death, and the fourth most common cancer with over 738,000 gastric cancer deaths and over 1,000,000 new gastric cancer cases annually (1) . Incidence varies greatly by geographic area, ethnicity, and gender, which indicate the importance of lifestyle and environmental factors in gastric cancer etiology (2, 3) . Helicobacter pylori (H. pylori) is a known risk factor for gastric cancer; however, not all individuals with H. pylori infection will develop gastric cancer. Therefore, studies that evaluate other factors are still needed to understand gastric cancer risk.
One factor that varies greatly between populations is diet, and some epidemiologic studies have suggested that intakes of fruits and vegetables, antioxidant nutrients such as vitamin C, retinol, and selected carotenoids may be inversely associated with gastric cancer risk, whereas salt and salt-preserved food may be adversely related to gastric cancer risk (4, 5) . The one-carbon metabolism pathway, which includes several dietary factors, may affect gastric cancer risk; the disruption of homeostasis in one-carbon (methyl group) metabolism affects the risk of other cancers (6) (7) (8) . Disruption can occur as the result of dietary insufficiencies in the micronutrients involved in this pathway, including folate, methionine, and B vitamins (riboflavin, B6, and B12). Folate and methionine are important dietary methyl donors, and B vitamins also serve as cofactors in one-carbon metabolism.
A few epidemiologic studies have evaluated these onecarbon metabolism factors, and results have been inconsistent with reports of overall null associations (9-13), decreased risk (14) (15) (16) (17) (18) (19) (20) (21) , and increased risk (15, 16, 21) as well as effect modification by genetic factors (20, (22) (23) (24) . Dietary folate, which has been proposed to affect carcinogenesis through either DNA synthesis or DNA methylation (6-8, 25, 26) , has not been associated with gastric cancer risk in a meta-analysis (13) and some other recent studies (11, 12, 14, 27) . Nevertheless, the potential preventive effect of dietary folate and other one-carbon metabolism factors on gastric cancer risk is still suggested in several human or animal studies (23, 24, 27, 28) . Thus, we analyze data from a large-scale prospective study, the Shanghai Women's Health Study (SWHS), to investigate whether dietary folate, methionine, or B vitamins intakes are associated with gastric cancer risk in Chinese pre-and postmenopausal women, a population with a traditionally high risk of gastric cancer and a low use of vitamin supplements. Menopausal status has been shown to have a modifying effect on diet-cancer associations (29) (30) (31) , and independently associated with gastric cancer risk in our previous study (32) , and, therefore, is considered a potential effect modifier.
Materials and Methods

Study design and participants
The SWHS is a population-based prospective study of 74,941 Chinese women ages 40 to 70 years at cohort entry. The study design and validated food frequency questionnaire (FFQ) have been described in previous publications (33, 34) . The baseline survey was administered from 1997 to 2000 in urban Shanghai. A total of 74,941 women were recruited from 81,170 eligible population individuals (response rate, 92.3%). The cohort was followed for cancer incidence and cause-specific mortality by using a combination of in-person follow-up surveys and annual record linkage to a population-based cancer registry, the Shanghai Cancer Registry, and official death certificates. During the follow-up survey, 99.8% of baseline participants was followed in the first wave (2000) (2001) (2002) , 98.7% in the second wave (2003) (2004) , 96.7% in the third wave (2004) (2005) (2006) (2007) , and 92.0% in fourth wave (2008) (2009) (2010) , with structured questionnaires. The study was approved by the institutional review boards of all institutions involved, and written informed consent was obtained from all participants.
Dietary assessment and nutrients estimation
The FFQ-included questions on 77 foods were used to collect information on frequency of consumption (daily, weekly, monthly, annually, and never) and amount consumed in liang (Chinese unit, 1 liang ¼ 50 g) per unit of time. The daily intakes of total energy and nutrients, including folate, thiamine (vitamin B1), riboflavin (vitamin B2), and niacin (B3), were estimated by multiplying the amount of each food consumed by the nutrient content per gram of the food as obtained from the Chinese Food Composition Tables (35) . Methionine, and vitamins B6 and B12 were derived using the U.S. Department of Agriculture food composition tables as described previously (36) . The FFQ used in the study was validated in a sample of 200 cohort participants against the averages of multiple 24-hour dietary recalls. The Pearson correlation coefficients for FFQ folate intake and plasma folate concentration was 0.52 (29) , and ranged from 0.56 to 0.59 for B vitamins intakes from the FFQ versus multiple 24-hour recalls (33) . Total daily meat intake was calculated by combining red meat intake and poultry intake. The FFQ also solicited information on frequency of consumption of four salt-preserved foods (salted meat or preserved meat, salted fish, salted egg, and salted vegetables or preserved vegetables) using eight categories (<5 times per year, 6-11 per year, 1-2 per month, 3-4 per month, 1-2 per week, 3-4 per week, 5-6 per week, and every day). Weekly saltpreserved food intake was derived by summing the median intake frequency of each food items and categorized as weekly or less than weekly intake.
Outcome ascertainment
Newly diagnosed gastric cancer cases were initially identified by data linkage with the Shanghai Cancer Registry, a population-based cancer registry which was established in 1963. Possible cancer cases identified by data linkage with the registry database or by in-person followup surveys that took place every 2 to 3 years were rechecked to eliminate any false-positive matches by reviewing medical records from the diagnostic hospitals and home visiting. As of the end of 2010, 350 cases with incident primary gastric cancer were identified. Among the 350 gastric cancer cases, 323 cases were distal cancer, defined as gastric cancer in noncardia or unspecified region, which was coded with 151.1 to 151.9, based on the International Classification of Disease 9th version (ICD-9). Deaths for any cause were ascertained by data linkage to death certificate registries with a confirmation by a home visit. Individuals with gastric cancer listed as a cause of death that was not confirmed through the registry data or medical record review (n ¼ 56) were treated as censored cases.
Statistical analysis
For this study, a total of 73,009 women, including 323 new distal gastric cancer cases, were included for the present analyses. Excluded from analysis, in order of exclusion, were 346 participants with gastrectomy history before baseline, 1,495 participants with a previous cancer history or were later identified by cancer registry data as having a cancer diagnosis before baseline, 50 participants who reported total energy intake of <500 or >4,000 kcal per day in the baseline FFQ, 14 participants missing menopausal status, and 27 gastric cancer cases in the cardia (151.0 of ICD-9).
The end of the study period was defined as the first of the following outcomes: first cancer diagnosis; any cause of death; or date of last follow-up. Comparisons of mean or proportions of baseline characteristics between distal gastric cancer cases and noncancer cases were performed using analysis of covariance or Cochran-Mantel-Haenszel tests adjusting for age and additionally adjusted for total energy intake for dietary factors. For each nutrient, quintiles of intake were derived using the distributions of intake among all cohort participants. In statistical models, the lowest quintile of intake was used as the reference group. HRs and 95% confidence intervals (CI) for distal gastric cancer associated with dietary intakes were estimated by Cox proportional hazards regression with age as a time scale. Other potential risk or preventive factors for gastric cancer in previous studies were evaluated for confounding and included as covariates in the model when evidence of confounding was present. These covariates included age at invitation, menopausal status, body mass index, total intake of energy (Kcal/day), peptic ulcer medication history, family history of gastric cancer, education level (<high school vs. !high school), weekly salt-preserved food intake, and daily intakes of total meat, total vegetables and fruits (excluding watermelon), and sodium. Watermelon, although eaten seasonally, accounts for 44% to 52% of total fruit intake, and the quantification of this fruit in large quantities can be difficult to assess, potentially leading to exposure measurement error. Further, in the present study, intake of watermelon alone was not associated with gastric cancer risk (37) . Inclusion of smoking status, alcohol drinking, and green tea drinking as covariates did not alter risk estimates and these were not included as covariates in the final analyses. The median intake value of each intake quintile was used as a continuous variable in models testing for a linear trend across the intake levels. Stratified analysis was used to evaluate menopausal status as a potential effect modifier. All analyses were carried out with SAS statistical software (version 9.3; SAS institute, Inc.).
Results
Comparisons of general characteristics between distal gastric cancer cases and noncases, adjusted for age at baseline, are shown in Table 1 . Cases were significantly older, and more likely to be postmenopausal, and to have previously used peptic ulcer medicine than noncases. No significant differences were observed for income, education, familial cancer history, body mass index, total energy intake or for use of cigarettes, alcohol, aspirin, B vitamin complex, or multivitamin. Dietary intakes of vegetables and fruits, meat, sodium, or salted food were not associated with distal gastric cancer ( Table 1) .
Associations between B vitamins and methionine with distal gastric cancer risk are shown in Table 2 . Overall, dietary intakes of these factors were not associated with risk of distal gastric cancer, although folate intake had a suggestive nonsignificant increased risk. However, when stratified by menopausal status at baseline, premenopausal women with the highest folate intake had a statistically significant increased risk of distal gastric cancer (HR, 2.62; All P values are adjusted for age at invitation except the direct comparison of age at invitation. Additionally adjusted for total energy intake.
95% CI, 1.04-6.59 versus the first intake quintile; Table 3 ). The increased risk among premenopausal women with the highest folate intake persisted after exclusion of gastric cancer cases diagnosed with the first and second years after baseline and age of onset was similar across low and high folate intakes (data not shown). Further, riboflavin intake was associated with a statistically significant decreased risk of distal gastric cancer in a dose-dependent Adjusted for age at invitation, menopausal status, body mass index, total energy intake, peptic ulcer medication history and family history of gastric cancer, education level, total meat intake, all vegetables and fruits intake (except watermelon), sodium intake, and intake frequency of salted foods. Adjusted for age at invitation, menopausal status, body mass index, total energy intake, peptic ulcer medication history and family history of gastric cancer, education level, total meat intake, all vegetables and fruits intake (except watermelon), sodium intake, and intake frequency of salted foods.
gastric cancer risk in premenopausal women persisted after adjustment for additional potential confounders, such as chronic gastritis history and income level, and after exclusion of gastric cancer cases diagnosed with the first and second years after baseline (data not shown). No statistically significant associations were observed among postmenopausal women.
Discussion
In the present large population-based cohort study, no significant overall associations between dietary intakes of one-carbon metabolism associated nutrients and distal gastric cancer were observed. However, among premenopausal women, riboflavin (B2) intake was inversely and significantly associated with risk of distal gastric cancer, and folate intake was adversely and significantly associated with distal gastric cancer risk. These findings, to the best of our knowledge, are the first prospective evidence for a potential preventive effect of riboflavin and possible adverse effect of excess folate in gastric cancer.
In our study, high consumption of food folate may increase the risk of distal gastric cancer in premenopausal women. Although previous epidemiologic studies have generally shown that low folate intake has been associated with increased risks for colon, breast, and pancreas cancers (11), our finding may be in line with the potential dual effects of folate on carcinogenesis (38, 39) . Folate may have a cancer preventive effect in early carcinogenesis, but may promote carcinogenesis in individuals who harbor early neoplasia or who have a very high intake (38-41) possibly by facilitating cellular proliferation (42, 43) . Inverse (16, 19, 23, 24, 27, 44) or null associations (9) (10) (11) (12) 14) with folate intake have been reported for gastric cancer risk. However, prospective data are scarce, and only two cohort studies have evaluated the association between dietary folate and risk of gastric cancer (10, 12) , both of which had null findings. One study, the European Prospective Investigation into Cancer and Nutrition, also evaluated serum folate with gastric cancer risk and found no association (14) . A recent meta-analyses using pooled data on 49,621 participants from 13 folic acid intervention trials found that folic acid supplementation does not affect risk of gastric cancer (RR, 1.01, 95% CI, 0.58-1.75; ref. 45 ). We also found no overall association with folate intake in this Chinese population. We did, however, observe an increased risk for premenopausal women associated with the highest intake level. This association persisted after sensitivity analyses excluding the first two years of diagnosis, and participants with peptic ulcer medication use or chronic gastritis indicating excessive folate intake (> U.S. daily recommended intake) may increase the risk of development of gastric cancer. Risk among premenopausal women needs to be further evaluated in additional studies.
Riboflavin is also involved in the folate-mediated onecarbon metabolism as a cofactor for the enzymes methyltetrahydrofolate reductase and methionine synthase reductase; thus, poor riboflavin status may lead to an elevated rate of DNA damage and altered methylation of DNA (46), both of which are important risk factors for cancer. Animal studies have founded that riboflavin deficiency can induce high DNA enzyme activity and increase DNA damage caused by the administration of carcinogens (47) , increase carcinogen binding to DNA (48) , and disrupt the integrity of the epithelium of various organs (49) . Some carcinogens are metabolized by flavin-dependent enzymes, and riboflavin status may modify the effects of carcinogens (47) . For these reasons, riboflavin deficiency may cause a variety of precancerous lesions in humans. Associations between cancer risk and riboflavin intake have been observed for esophageal cancer (50) (51) (52) , cervical dysplasia (53), lung cancer (54, 55) , and colorectal cancer (30) . Although an association between riboflavin and gastric cancer risk is plausible, findings from previous epidemiologic studies are inconsistent (9, 15, 16, 19, 52, 56-61 ). The majority of these studies observed that dietary riboflavin intake (9, 16, 52, 60, 61), serum riboflavin level (56) , and riboflavin supplementation (59) were not associated with gastric cancer risk. Two case-control studies in Western populations reported an increased gastric cancer risk associated with high intake of riboflavin (15, 57) . Our finding of an inverse association between intake and gastric cancer risk is consistent with two previous case-control studies conducted in Asian populations (19, 58) , including a previous study in Shanghai among both men and women (58) . A possible explanation for the discrepancies between Asian and Western studies may be the intake level within the populations. The mean riboflavin intake in our studies was 0.8 mg per day, which is lower than the U.S. Recommended Dietary Allowance of 1.1 mg per day for women (62) . More than 81% of the participants had insufficient intake of dietary riboflavin. A genome-wide association study of gastric cancer identified a susceptibility locus for gastric cancer at C20orf54 at 20p13, which is responsible for transporting riboflavin and may modulate intestinal riboflavin absorption (63) . Thus, it may be that riboflavin is only associated with risk of gastric cancer in the context of riboflavin deficiency or insufficiency due to intake or due to increased requirements due to genetic variation.
Another possible explanation for the discrepancies between the previous null findings of riboflavin and gastric cancer risk and the present findings may be differences in the age distributions of study subjects. To our knowledge, no previous study provided an analysis stratified by menopausal status or by age. We found an inverse association in premenopausal women whose mean age (45 years) or age of gastric cancer diagnosis (57 years) were relatively younger than those of previous studies that showed null associations (9, 16, 52, 56) . A Korean study with a similar age distribution (57 years) observed similar results as the present study (19) . Thus, it is possible that the relationship between riboflavin intake and gastric cancer risk varies according to age or menopausal status. These findings need to be further evaluated in future studies.
A recent meta-analysis found that longer years of fertility and hormone replacement therapy use were related to reduced gastric cancer risk (64) . On the other hand, tamoxifen treatment was associated with elevated risk. Although menopausal status was not linked to risk in the study, it was not assessed as an effect modifier. These findings indicate that estrogen exposure was related to the risk of gastric cancer. We found that the associations between diet and gastric cancer risk differed by menopausal status (31) . In addition, previous studies indicate that there are large differences in gastric cancer risk between men and women. This difference may be explained by the presence of estrogen receptors in gastric tissue and cancers (65) . Decreased sex hormone levels or the cumulative effect of other conventional risk factors for gastric cancer in postmenopausal women may explain the observed differences by menopausal status. But, the published literature is still insufficient to draw an inference about biologic plausibility for why the associations of riboflavin and folate with gastric cancer risk were only observed among premenopausal women. In addition, we cannot eliminate the possibility that some of the observed associations may be spurious and the result of small samples sizes within some strata. Thus, further studies are necessary to understand the mechanism and confirm the findings.
Our study has some limitations. First, the status of H. pylori infection, one of the strongest risk factors for gastric cancer, was not known; however, it is unlikely to substantially affect the findings as the prevalence of H. pylori infection in the Shanghai population is estimated to be 92% in women (66) . Second, intakes of vitamin B6, vitamin B12, and methionine were estimated based on the U.S. Department of Agriculture Food Composition Database because these nutrients were not included in the Chinese Food Composition Tables. We have previously compared other vitamin levels between the two databases and found very high correlations (correlation coefficients > 0.91; ref. 29) . Thus, potential misclassification of intake levels is likely minimal. Third, as noted previously, the timing of exposure, particularly for folate intake, may be important, and we were not able to fully evaluate timing in this study. However, similar findings were observed in analyses in which cases diagnosed within 2 years of baseline were excluded. Fourth, although thorough assessment of and adjustment for confounding was conducted, we cannot negate the potential for residual confounding.
Our study has several strengths. The current prospective cohort study is one of the largest to date to evaluate the association between dietary factors related to one-carbon metabolism and distal gastric cancer risk. Data for dietary intakes were collected by a comprehensive and validated FFQ (33) . The prospective design and high participation rate (92.6%) both contribute to the likelihood of valid and generalizable study results. In addition, we were able to restrict analyses to distal gastric cancer. Distal gastric cancer differs from cardia gastric cancer, localized to near the gastro-esophageal junction, in etiology and epidemiologic characteristics. Another strength of our study is that our study population is well suited to the study of B vitamins and gastric cancer because of high incidence of gastric cancer (1) , no vitamin fortification of the food supply, and low prevalences of alcohol drinking (less than 3%), and B vitamin supplement use (less than 5%).
In summary, although we found no overall associations between dietary intakes of one-carbon metabolism factors and gastric cancer risk, we did observe an inverse association of riboflavin intake among premenopausal women. Further, higher levels of folate intake may increase risk among this same subgroup. Thus, the findings from this study suggest roles for these two vitamins in premenopausal gastric cancer risk.
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